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!Wsnenium Induced by heer=thue interaction

R, ~. ~@M*

Los Alamos National Laboratory, Los Akmos, NM 87545
(*On leave to Stmtegic Defense Initiative organization, Pentagon)

ABSTRACT

?mpulshw momentum ia !mparted to residual tissue during pulwd-laser ablation because the
mass ablated is $enerall y ejected with a si7abk velocity. Accurate measurements of the impulsc
are possible, whmh ean provkk an important monitor o? the ablation process. simple nmdeis can
be used to preci{ct the impulse under a variety of conditions; In some cases, complex r8z!ialiom-
hydrodynamic code caBculaCions are required. In this

t’
sper, this modelin~ h discuwcd abng

with the depcndcme of momentum on the pulsed heat ng and target conddions. Mmncntum
measurement techniques are discusmd briefly. ‘I’he behavior is explained in terms of
dhmensioniess parameters and the impulse coupling coeffkknt as a fMction of incident fluence,
which has a well defined thre~hold as weil as M maximum. C!om~lkMimw in the mixed liauid-
vapor phase are also addrcesed,

. .

1. IN’I’ROLXJCTION
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Figurr 2. Catt’goriratiors of procwwx
IM.sociukd with laser-tw-get ablation.
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for cases where the gas mmdns transparent to the laser. As indicated in Fig, 2, this regime is sirrdlar to
that for a vacuum tmnsport medium at low, mcdhm or high fhJx; thus, for sirnpticiry, this case will be
discussed in depth, For rhc sake of discussion, it will be assumed that the abiation

r
ess is drivtm by

thermal expansion or thermal decomposition: photochernica! decompositiorr is arm H potential crpLion
but will not be discussed e% lidtly,

?Although important to b omedical applications, little discussion in this paper will be given m the
regime involving a liquid or solid transport medium. This regime involves much more complicated
nrocesses rcsmc+awd with contained vaprkzation~ where relatively lonx term restraint of nlateriai
;xpansion impede application of the powkful ccmservatiun of momctitum kw.

2. BASIC MOMIUVI’LJMGENER.4TI~N PROCESS

MOMENTUM INDUCED 8 Y PUL8ED HBA?W46
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Figure .3, Mwnrntum is imparted when
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momenkr m Impwtml 40 wwgy Inrhkit w
the aurfum.
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30 IMFWLSE COUFMNG 6X9EFFlCIENT

It is convenient to defmc an impulse coupling cocffkimt as the momentum impamed per unit of
inmji~tion energy incident on the target. IJnfortunarely, it is common to use the hybrid Mit (mix of
C(3S and MKS units) of d4J for the coupling coefficient, although the S1 unitof N*#J is also used (1
d“.s/J= 10-5 N#J]. In reference to spccitk impulse per unit incident fluemx, the ccmpling coefficierrt
is obtained by divic!ing both th numerator and cienomi.namr by the ares with units of tap/(J/ctn2) or
Pms/(J/m~). Additiorudly, dividing (actually differentiating) the numeratcu and denominator by time
gives a coupling coefficient In terms of pressure per m)it incldcnt flux with units of (d/en?)/(W/cmz) 01

P~(W.f)m2), ‘i%e coupling codflclent is useful m+a utility faetrir and also for illustrating the ~hysiu.
For typical ablation conditions, m shown below, the coupling coefflcieru will frequently be wlthm the
range of 1 to 10 dDs/Jfor metal targets but itcould be as high as 100 d~w for tissue (SCCFig, 11),

4. TYPES OF ENERGY DRIVE
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igurc 5. Types of rnc~ drive.
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l~igurc 6. Types O( morwntum drive.
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success for thi9cad.
The ener y deposition for ion beams is quite different than for lawm; h is generally, nearly constant

$until nem e end of the range. at which the deposition rkss to the so called Bragg ~ak.
For a gas tran ort medium, If the laser flux M sufficiently large (but not too large so as io not be iibk

xtopropagate to e target), a plasma will be ignited early in the pulse near art op uc uget wrface (or
7m Im rfectkms or impuritks on the surfaw of a transparent uarget), and the rrst o the ktser pulsti will

rbe a sorbed at a front that propagiucs away from the target in the gas (called laser suppurtcd
combustion, 14X2,or laser supported det wuuion, ND, waves)qt

At lower flux (and/or shmter wavelength, and./or lower gas rressurv),a plasma will not he igniwd but
rrwgctnblation can still occur: the abl md target ,n-mterial wil ‘;wrep up gas w it is ejected, which can
substantially increase the mmnentutnlu.

Although the special features assoeiared with ench of t, e above processes must be carefully
considered, simple modeling including these feam~s is rcasona!dy SUCWS.SfUlfor each of :h~m.

one more type is included in Fig S, namely, tam {rrg, for which vapors generated by the puised
heating are cont~ined by surrounding liquid m solid. 1 s hlimtd above and discussed in Ref 3, thisis

;~ more c(wnpliuiited process, for whkh the modeling will not be discussed in fhis paper.

5. TYPES OF MOMENTUM Dltl VE
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Figure 7. ~impic mtieting, tMseci m crter~ density in W maw ejtwted,
provides much insight and gks approximate values for the momentum,
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“fired state” intmat energy dcns{ty, thst 1s, the internal energy dash y hi exL9ted at the tinlc that the
mrtss stopped communicating back wI’Athe residual mrgct; E. i.. not nec.m==dy the mme fur all of the
rrumsejected, but in the modeling in this p~per, EO is assumed tn be constant,

1~ and that an upper limit is knownIt i~ significant to note that the impulse 1 is propordonal to (rr)~)
for k, namely Fo. ‘IIIe mass m. is generally much harder to estimate than k; so that ~hc -

rather than in knowing tile kinck
distribr,rticm of the kinetic energy

within the mass ejected: for example, if 99% of the kinetic energy is contained by only 1% of the mass
ejected, then the momentum is still 20%+ of the utmm limit value [the tmtxn limit corrwmonds to 99% of
the kinetic energy being contained within 99% o~~hc mass ejec .~l i,e.~ ~niform cnergy”densityj,

7. EXFO.NENTIAI. ENERGY DEFWITION

Fi~urr % Exponential eucrgy density profik.

Il.mo.uak~(m. ml”l WI)(R

Figure 9. I’pper limit and integral impulse
model% for exposlentid hrtiting.
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fluence. Putting F~s. 3 md 4 Into E?q.2, integratingand dividing tluwgh by F. to give the impulse

coupling coefficient gives

U’Fo = a(3WEo)lB((R-l)l~ -tan-kR-l)]fl ) / R . Integral Ma&l (5)

It CM be shown t.hatthc maximum of Eq 5 occurs for R = 6A and that the value of E-q.S w R = 6,4 is

VFo)m = 0.51 aCV(EQ)ln. YntegralModel (6)

Following this same approach for the upper limit model, ~ = ecF&xp(-pmo) is the fbenw at depth

nto; using this and Hq. 4 with Eq 1 f$v=

h can& shown that the maximum of 4.7 occurs for R -- 6.9 and that the value of Eq. 7 M R = 6.9 is

w.l- = 0.57 cx/(Eo)]B. Upper Limit Mode! (8)

Comparing E?qs.6 and 8 shows that T/Fbw difYers by rmly about 10% between the integal model and

the upper limit model. AIw, the maximum occurs at about the same value of R,
For long pulselen hs, the only mechanism (neglecting photochernical dccomposhion) fm mass

?’ejeetkm is vuporizat cm by thermal decomposition. In this case, tie critical energy Ho is equal IQ[he
(complete) vaporization enelgy. For sufficiently short pulseler@hs, ablation c’an occur by front surfw%
spalltuion at n much lower threshold energy’ 2,’~; for solid targets, the critical energy E?. is sometimes
near the melt energy because [he span strength dt?crerwes tfinear zero at melt. l’bus, the thTeshold is
much 10wer for short pulse] emgths bec:mse the vapori Tatiun energy is typically about S to 10 times
larger thun the melt energy. A; intenrlediatc pulse lengths, the process is mm! complicated ~
di&LW4i below

SIMPI E
Moorl s

IMMI1 ti~ IiNce ---!
(mwn@lotMaoe)

— UWMI mn

Figure 10. I)immtdonlcss impulse coupling.
lmpulw rwq)lin scoef’fielvnt divided by

1’maximum coupl II vmms knee dividrd hy
iMowtfl-thrwihokl UCIILW.

-———
lMT~T

EXPONENTIAL Erwflov mfmrrttxt

—

E??==’‘vYg.!iEl
— ———. .
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h Fig. 10, Eq. 5 divided by E-q.6 is plotted versus R and E.q.7 divided by P~. 8 is plQUCr ve~us R.
Figure 10 .!Ihows that the shape of the dimensionless curves are similar for integral ana up r limit
modek, which (combtned with the 10% difference in I/Fou r) illustrates the insensitivity o impulse

to energy distribution h the blowcff mass. Figure 10 also illustrates t-he impul~ threshuld, which
depends on material roperties snd pulselength, the maxhnurn irr the coupling rxrefflcient and the fitll

1!off in coupling at hig fhence, where !he impulse becomes inde
r

ndcnt of the critical rmer$y denshy,
Figure 11 gives values for the maximum coupling for the irttegr model from Eq, 6 foI v WKJUS values

of cx and EU. .As shown In Fig. 11. *e maximum coupling generally ranges frcIm about 1 (O 100 (i*#J,
depending on the target material and the laser pukelength and wavelength, perhaps it should be
emphri.sised tint although the impulse coupling (which is d-e efficiency with whkh deposited energy
genertwi momentum) referred to Th Figs, 1C and 11 has a maximum Yaluc at some fluencc, r.hGhIIpulse

lWWWt lEATIM
AJSLA710N EY VAPORtZAIWN DURING WEAnNO
VAPO# WV SE TWN6PAWNT
VAPOH tMACl OF LIQUID LB(E1Y Itl MIXE(I W4ASE

1-
WUR~ACE- )!EAnNO
THEWSAL GCMn.K.nON WHNOMEAVlf@
ABLATION BY VAPORIZATION BURINO HEATING
VAPOR k!AV ~ TWPARENl
VAPOR ORACI W 1lIXJltl t.CSB LIKELY

M Iti, ~., ItWdWW, “wrtiw- w~nrtxtibfl

.

Figure 12. FIUX rind pulselen@h dependence.

Figure 12 shows the depenrknces of the pr(xcss and the critical energy on flux and pulselength.

When ~he Lwer pulse kmgth, t L,, is short compad to ~/( KC), the rlnw f~l ~~sound wtive to Uaversc one
liis~r u?)sorption depth (l/K), then thermal c xptnsion cm not occur d“‘ring the heating, front surface
spttll:~tirm hecornes possible, and EO becomes tqlproximrm]y the melt energy AHm or srrIollcrlzI 1‘$.

When the laser p’l!selength is long compmd to !/(tcc) and the laser flux is sufficiently small, but
large enough I() cauw v,aporimtion, then vapr.rriztition will begin during th~ la.wr pulse and ltkely at the
front surface where [he tetnperature grwer[tl]y will be the largest (sup ose that the vsipors arc

ftrun$piimn( to the Iw?r beam). “Ille cooling associitted w’i[hv:ipori’r~ition wi i c{wnp the Wfnce at the
v:lpori~ali(m icl~lpt;r:ilure. If the IMM flux is small ?nough, energy transport by tilerrna! diffusion will
prevent any signifknnt. tcmpcrmw rise in depth tilrove [he front sutface tenlperttturt’. Also, due tu the
slow proi’~w, iirly vttporimtion N nu(’leatim si[es in the liquiflt’d layer (most lTL{It!riiil S don ‘t Sutdime
uII&r the conditions) should tw Hblc [O migrtittn to the surf’we :Ls tht’ Imbbles grow rtuher than
explosively cruptinp,. Tn this CWW-,E(J shoulci he e(]tJi\l to the cOIIIpkte vrtporizatk)u enqy, Allcv.

1iowrvet-, :it iar ,er Iiuwr fluxrs, for tnatrviiils with t~ sigr]ific~mt absorption clcpth, the rnntmial behiru.!
the surfm cm & come super iw:)tr(l,which CM leod to explosive eruptions, rt?ferrccl to as tho
“popcorn” effect. If rhc flInx is sufficiently Iar}w, as discussed !iwther behnv, partial v~porizution in the
Inj xcd phn.se rt:gion will simply tir~i~~rm]ch of& rncltmi trlfitrrial during eapansi(m of [k vap(Ir\: then
l!() woui(l Ix ex!M!(,Ied to be [t]]~)r(~xit~l:~[(’lycquai to the incipient vaporimtion ervmgy, Al+ly.
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TYPtCAL EMTHALPY CURVE

Figure. 13. Large hcut of vaporization.

The typical enthalpy ctme in Fijz. 17 crrnct+muallv

—----~
igure 14. lklixed phase complication.

illtismtes w’?tvthis mixed nhaw complication is so

sipiflcal!t The enthalpy plo: g~ves the a~ount ‘of energy (pe; unit tnas-s) ‘requ-ir;d to change the

temperature at a given press~:re. This figure is based on cmstant specific heat and shows the step in
wlthtdpy M the liquid-vapor phase ch,ange (i~$suming a liquiri for the inirial condition; them is also a step
for the soiid-!iqul(i phme c!lange but the step is generally much smtdlerj. The incipient vaporiattion

energ), AHiv, is the energy required to heat the rnm?r-id fTCIInambient tempermm to the vaporiza[icm
temperdturr, Tv, hut 10 ]~av~ it in the condrmsed phase (most mnterials are liquids at this ttmptmlurr at
low prcssums). The heat of vaporization, AH .,, is the energy wqulrd m take it from the condensed

pha-se (liquid) to the vapor phase (i,e., to break the molecular or atomw bonds), while holding the
Temperature ccmstunt, The complete vqrotwatiort energy is the sum, Alllv + AHV, Arl impmmnt point is
thitt the complete vaporization energy is typical]: r i=hut 5 times the incipient vaporization energy AHV.
Also, if (he materi:~l remains in thcrrnimdynamic equilibrium, then as t:nergy is added (at constant
pressurt) be[wcen All ‘ ‘ is vaporized (the vapor f~action isIV d LIHY, more and more mitteu~it

(Arl A}iiv)/(41{v) but the temperature rern:uns a[ the vtipoti iation temperature, Tv’, until all the material

is vaporized at Al [Cv,

Figure ] 4 addresses the cornplicatiflns origin;~tin,g frnnl II IIxc(.i phrw blowoff, which occur HI
reltitively long pulse lenfptts ,nnrf suffmwntly litrge Iluxes. In the top part of Fig. 14, laser deposited
energy ricnshy is plotted velsus dep[h in the nxm?rlal,with the emha]py curve superimposed in front.
i?elou that, the tempmarure is plotted vrrsus d~p[h, assumifig thttt enough expansion has occurred
slowly 10 letthe pressure relax, This illustrates TM!, i+ss~]n’in~ them] odynm!lic equilibrium all of the
matmittl with E betwtwn AHiv and AJ{UV will he at t(’rnpcriiture TV, M the h ~mt portion {d [his region

will he compktely vripor and the back por~ior! will be Lwmpktely liquid, lf’ the laser ener y was
Ydeposited in a shfIfi time c(mlp;we(l to that f~w sigriifl~:irit v:ipot’ expansion [o occur (but po$sib y long

comp:mi m I Acc). thw M the Nm[eri:il vapor i~es imd expands in this mixed phase region, ~he v’ymr
will likely dr;~goff mo~t of the [iqui(j j[~tiIs wgio[]; but jus[ exit~tly how much liquid is dnq! oft :md
how much momcmum II crtrrit : is cfifficul! 1( I f:s[lnl:itt’ A ISO, the msurn tion Of thCrlllO(lyrlilllli(’

equilibrium will at icaw sornclimes M inv;llid ! or longrr
K

rUISC Ierrgt Is, as descrilwi! :thove,
\ ;qmizli[i(m :N th~’ eroding ~ri~ic~: crut. h SOnW caw\, keep IIp wit the lti.wI flux, IXII sl]iu’rhrating can

(ulw m dt.’l~ih, f(lll(~wed hy et’cntual nuclcmion ml CkJll(]Sivc Cll]pfit)rl,
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9. ID PLASMA ENERGY BALANCE MODEL

A models that 1s rather different from the exponential energy &posMort rnodcls, but based upon
essentially the wtrne pt+rcipds, is illustrated In Fig. ! S. This 1D Plasmtt Energy Balance (1’flB ) model
is for an opaque target in a vacuum. Early in the pu!se, the target Iwgins to vaporiz.. and it plasma is
ignited that becomes nearly opaque to the laser. ‘Ms plasma radiates energy in all dinxtior:, some of
which reaches the targq to sustain ablation. AS indicated in Fig, 15, the model. which allov~$pl~~a
expansion in only cme dimension (1P), is iwtsed upon M QvcraIl energy balance and also an energy

balance at the al-;ation surface. Then hy assuming a constant ablmion rttte throughout the }UM and
comtant temp~ atum for the plasma, all p’lysical variat les for the recess can be solved for, includlng:

J’the ablation m~ and veloeity and thus momentum; the plasma ensity, temperature and pressure; t.k
radiation t+om the plmma; and the attenuation of the imer beam and of the radiation from the plasma.
Generally. CMreflectivity of the target is not known under r.he conditions of interesl for MS mo&J, ~
comparing predictions km this model with impulse data (see below), the reflectivity has beer taken M
a free pammeter to fit the data; there tire no other fire parameters in the model.

m. ccmat,T ● cons!,

k L~
Incldofn . RWutou . WW’nWl . AblBWn + COfldwlon

——

~MEFtOY BALANCE AT ABumotd SURFACE

1-Inddwit . RdtM6d + Tktmal AbMlcbn - knductlrm

Figure 15. (h dimemiontd plasma cnt~rgy
balance model.

—

- MANY TFCWWUE8 ARE AVAILASU
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oMCWCNTLMAREA t PWLW LENOTH

o AVEXAQE PRE6wne .

, WWWr#N7 CNAO FOR MOMITORIP.M 04TECbML BEHAVIOR

~

MOM:NYUM WAWREMENTS CAN BE VALUABLk

DETAILED LA%f~-T16WE tNTkIMCTlON WYXLING

-—
~igwe 16. Bmpuist meastlrements.



I $p~lta 11,LASNEX, and PEB Modal
KrF (0.248 m), 100 J, 50 ns

Flat Alumlnum, hhvtal Incldenw, Vacuum
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11. COWARI$ON OF IMPU~EDATA ~~CALC~ATIONS

Figure 17 gives ciam taken during $eties TI of experiments at the $pdte laser at the Ruthwford-

AppIeton Laboratory~O. ‘Rw 1D PEE model predictions agree WCIIwith Ihe dat~ when a rtflwtivity of
0.5 is used, except at f’itaences above nbout 104 J/cm2. At these high fluences, the blowoff becomes
two dimensional (2DJ and the 1II PEB model breaks dowc, F’igum 17 includes LASNEX both 1D and
2D radiation-hydrodynamic code calculations ttt a fluence of 10$ J/cm2; the 1D LAShTX calculatkms
agree with the 1D W!13 prediction and the 213 LAS511?X calcuhuitmsA.7 agree reasonably well whh
the cka.

Figure 18 gives data taken (luring Lon~Pukw Series I experiments at the Chrvma laser at KMS
Fusion in Ann Arbor, Michigan~ 1. The trend is sim!lar as for S rite except that a d’lrxiivity of 0,9 was
required to fit the dat~ the reflectivity principally affects the R uencc at which the impulse thrcshcld
occurs. Again, &sexpected, the 1C) PEB model does rmt fit the dtt!tt in the 213 regime,
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